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SUMMARY 
The two o b j e c t i v e s  o f  t h i s  s t u d y  c o n t r a c t  were: 
1. I n s p e c t  t h e  t w o  government-owned r o t a t i n g  g r a v i t y  
g r a d i o m e t e r s  and d e t e r m i n e  t h e  f e a s i b i l i t y  and cost of 
r e t u r n i n g  them to  o p e r a t i n g  c o n d i t i o n  i n  a l a b o r a t o r y  
environment .  
2 .  Determine t h e  f e a s i b i l i t y  o f  a p p l y i n g  " e l e c t r o n i c  
ccloling" to t h e  e x i s t i n g  and f u t u r e  r o t a t i n g  g r a v i t y  
g r  adiome t e  r s . 
The t w o  R o t a t i n g  G r a v i t y  Gradiometer (RGG) s e n s o r s ,  along 
w i t h  a l l  t h e  c x t e r n z l  e l e c t r o n i c s  needed t o  operate them, and  
t h e  f i x t u r e s  and special test  equipment  needed t o  f i l l  and  
a l i g n  t h e  b e a r i n g s ,  were t r a n s f e r r e d  to t h i s  c o n t r a c t ,  
assembled i n  our l a b o r a t o r y ,  and i n s p e c t e d .  P h y s i c a l l y ,  t h e  
equipment  is comple t e  and looks i n  o p e r a t i o n a l  c o n d i t i o n .  I t  
was n o t  p o s s i b l e  to  operate t h e  sys tem,  however, s i n c e  t h e  
punched paper  t a p e s  used tc. l o a d  t h e  progrsm i n t o  t h e  computer 
were lost .  N e w  tapes c a n  be p r e p a r e d  from a p r i n t e d  l i s t i n g ,  
b u t  t h i s  amount of e f f o r t  was n o t  w i t h i n  t h e  scope o f  t h e  
c o n t r a c t .  Our c o n c l u s i o n  c o n c e r n i n g  T a s k  1 is t h a t  it is 
d e f i n i t e l y  feasible  t o  r e t u r n  t h e  RGG s e n s o r s  to o p e r a t i n g  
c o n d i t i o n  i n  t h e  l a b o r a t o r y .  The e s t i m a t e d  t i m e  is n i n e  
months and t h e  e s t i m a t e d  cc.st is $200,000.  
I n  p r e v i o u s  e x p e r i m e n t a l  s t u d i e s ,  w e  had demons t r a t ed  
t h z t  t h e  t he rma l  noise t h r s s h o l d  of t h e  RGG c o u l d  be lowered 
by r e p l a c i n g  a damping res is tor  i n  t f e  f i r s t  s t a g e  e l e c t r o n i c s  
by an  a c t i v e  a r t i f i c i a l  r e s i s t o r  tha t  g e n e r a t e s  less random 
v o l t a g e  noise p e r  u n i t  bar.dwidth than  t h e  Johnson n o i s e  from 
t h e  r e s i s t o r  i t  r e p l a c e s .  The a r t i f i c i a l  res is tor  c i r c u i t  
c o n s i s t s  of a n  o p e r a t i o n t l  a m p l i f i e r ,  t h r e e  res is tors ,  and a 
small DC-to-DC f l o a t i n g  power s u p p l y .  These are small enough 
to be r e t r o f i t t e d  t o  t h e  p r e s e n t  c i r c u i t  b o a r d s  i n s i d e  t h e  RGG 
r o t o r  i n  p l a c e  of t h e  p r e s e n t  3 Megohm res i s tor .  Using t h e  
a r t i f i c i a l  r e s i s t o r  w e  e x p e c t  t h a t  t h e  thernal  n o i s e  o f  t h e  
p r e s e n t  RGG-2 sensor caq  be lowered from 0.3 Eotvos  to 
0.15 Eotvos  f o r  a 1 0  sec i n t e g r a t i o n  time. I n  f u t u r e  models 
of t h e  RGG, we would d e s i g n  t h e  mechan ica l  s t r u c t u r e  t o  have 
less mechsnical damping t h a n  t h e  p r e s e n t  s e n s o r s  and a r r a n g e  
to have t h e  " e l e c t r o 3 i c  c o o l i n g "  a p p l i e d  d i r e c t l y  to  t h e  
sensor th rough  t h e  p i e z o e l e c t r i c  p i c k o f f  t r a n s d u c e r s .  T h i s  
shou ld  produce  a the rma l  noise l e v e l  o f  0 .03 Eo tvos  f o r  a 
10  second i n t e g r a t i o n  time. 
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BACKGROUND 
I n t r o d u c t i o n  
o f  a body is a d e t e r m i n a t i o n  o f  t h e  v a r i a t i o n s  i n  i ts 
g r a v i t a t i o n a l  f i e l d ,  for g r a v i t y  is one  of t h e  few 
measu%zrnents  t h a t  g i v e  u s  i n z e r m a t i o n  a b o u t  t h e  i n t e r i o r  o f  
t h e  body. h detai led o r b i t a l  g r a v i t y  map, combined w i t h  
magnet ic  maps and c o n d u c t i v i t y  i n f o r m a t i o n ,  c a n  determine the 
t rue bu lk  compos i t ion  and s t r u c t u r e  of t h e  body t h a t  l i e s  
under  t h e  bombarded s u r f a c e  l a y e r s  con tamina ted  w i t h  t h e  
d e b r i s  of impact ing  meteorites. G r a v i t y  d a t a  w i l l  n o t  only 
c o n t r i b u t e  t o  our s c i e n t i f i c  u n d e r s t a n d i n g  of t h e  o r i g i n s  of 
t h e  body and i t s  s u b s e q u e n t  e v o l u t i o n ,  b u t  c a n  also be of 
i m p o r t a n t  e n g i n e e r i n g  v a l u e  as we s t a r t  to  u t i l i z e  t h e  
r e s o u r c e s  p o t e n t i a l l y  a v a i l a b l e  on  t h e  moon, Mars, and  t h e  
a s t e r o i d s .  
g r a v i t a t i o n a l  f i e l d  of a body from a n  orbiter was to  measure 
the Doppler v a r i a t i o n s  i n  t h e  t r a c k i n g  f r equency  c a u s e d  by 
v e l o c i t y  v a r i a t i o n s  of t h e  s p a c e c r a f t  a s  it p a s s e d  o v e r  
mounta ins ,  c ra te rs ,  and  r e g i o n s  o f  v a r y i n g  d e n s i t y .  T h i s  
g r a v i t y  measuring t e c h n i q u e  had t h e  a d v a n t a g e  t h a t  it was 
" f r e e " ,  i n  t h a t  t h e  t r a c k i n s  t r a n s p o n d e r  had to  be on t h e  
s p a c e c r a f t  f o r  communication p u r p o s e s  anyway. T h i s  t e c h n i q u e  
h a s  produced good q u a l i t y  maps of Mars and Venus,  and  some 
g o o d - t o - e x c e l l e n t  maps of t h e  f r o n t  s i d e  o f  t h e  moon. 
t h a t  t h e  Doppler t r a c k i n g  t e c h n i q u e  might  n o t  be adequa te .  
For example,  t o  o b t a i n  g r a v i t y  data  of t h e  backside of t h e  
moon u s i n g  Doppler t r a c k i n g ,  i t  is n e c e s s a r y  t o  i n c l u d e  a 
r e l a y  s a t e l l i t e  i n  t h e  m i s s i o n  p l a n s  to p r o v i d e  a means to  
t r a c k  t h e  polar o r b i t e r  when it is ove r  t h e  b a c k s i d e .  I n  a 
r e c e n t  ESA s t u d y  o f  a P o l a r  O r b i t i n g  Lunar O b s e r v a t o r y  (POLO), 
t h e  r e l a y  s p a c e c r a f t  weighed 154 kg and cost $56 m i l l i o n .  
Thus,  for a l u n a r  m i s s i o n ,  i n s t e a d  of be ing  " f r e e " ,  t h e  
Doppler g r a v i t y  e x p e r i m e n t  h a s  t h e  h i g h e s t  mass and cost o f  
a l l  t h e  e x p e r i m e n t s  on  t h e  mis s ion .  
o r b i t  and t h e  p o l a r  o r b i t e r  i n  a l o w  o r b i t ,  t h e  o r b i t  
c o n f i q u r a t i o n s  would  be s u c h  t h a t  o n l y  60% o f  t h e  f a r  side 
passes would be t r a c k e d  by t h e  r e l a y .  The re  is no " s t o r a g e "  
of d a t a  p o s s i b l e  i n  t h e  Doppler t e c h n i q u e .  Thus to  o b t a i n  a 
complete map o f  b o t h  t h e  nea r  and f a r  s i d e s  would r e q u i r e  
months cf d e d i c a t e d  ground s t a t i o n  t r a c k i n g  t i m e  r i g i d 1  
s c h e d u l e d  ta cove r  t h e  f a r - s i d e  g a p s  caused  by t h e  occaiional 
poor posi t ion of t h e  r e l a y  s a t e l l i t e .  
We a r e  s u g g e s t i n g  t h a t  a new i n s t r u m e n t ,  t h e  R o t a t i n g  
G r a v i t y  Gradiometer  (RGG) be developed  f o r  f u t u r e  missions. 
A t  any g i v e n  a l t i t u d e  or d i s t a n c e  i t  g i v e s  b e t t e r  + e s o l u t i o n  
th: .n Doppler t r a c k i n g ,  and since i ts  o u t p u t  i s  p r o p o r t i o n a l  t o  
One ot t h e  more i m p o r t a n t  measurements t h a t  cm be made 
I n  t h e  p a s t ,  t h e  p r e f e r r e d  t e c h n i q u e  f o r  measur ing  t h e  
As w e  look a t  f u t u r e  m i s s i o n s ,  however, w e  b e g i n  t o  see 
I n  a d d i t i o n ,  s i n c e  t h e  r e l a y  s a t e l l i t e  would be i n  a h i g h  
the density of an object, it gives the same level of signals 
for a small asteroid as a large one. Since it generates 
measurement data internally, like all the other instruments on 
the spacecraft, its data can be stored and dumped along with 
all the rest of the science data, significantly reducing 
tracking and mission monitoring costs. 
A contract report [14] was recently produced by Science 
Applications, Inc. for JPL on the feasibility and desirability 
of using a gravity gradiometer onboard a lunar orbiter. The 
report states: 
"In fact, the impact due to adding the relay satellite to 
the mission is greater thsn the impact of accommodating a 
gravity gradiometer on the main spacecraft. The gravity 
gradiometer approach offers 3 lower total COS?., less total 
nass to be placed in lunar orbit, and less complex operational 
requirements." 
The report also evaluates and compares the three 
candidate gravity gradiometers. Table 3-1 from page 9 of that 
report is reproduced here. 
INSTRUMENT SEE'S IT I VI TY * 
INSTRUMENT 
DEMONSTRATED PROJECTED 
SENSITIVITY, E SENSITIVITYt E 
Rotating Acceleromeker Gravity 1.7 
Gradiometer (Bell Aerospace) 
Spherical Gravity Gradiometer 0.3 
(Draper Laboratory) 
Rotating Gravity Gradiometer 1.0 
(Hughes) 
0.4 
0 . 3  
0.1 
* Noise with a 10 sec integration time (as given in [13]) 
a gravity gradiometer instrument would be desirable i'or a 
polar orbiter lunar mapping mission and that the rotating 
gravity gradiometer would be the best instrumeni: because of 
its higher projected sensitivity. The present model of the 
RGG has a residual sensitivity to axial vibrations at twice 
spin speed. Although this sensitivity must be designed out 
for earth-based systems operating in moving vehicles, it will 
cause no problems f o r  an orbital gravity mapping system. The 
RGG, however, does need further refinement to move it out of 
the laboratory and bring it to the point where it can be 
proposed as a candidate experiment in response to some future 
f 1 igh t oppor tun i ty . 
It is obvious from the conclusions of the SA1 report that 
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OF PO0 T h e  p r i n c i p l e  of o p e r a t i o n  of 
t h e  r o t a t i n g  g r a v i t y  g r a d i o m e t e r  is 
shown i n  F i g u r e  1. 11-41 The s e n s i n g  
s t r u c t u r e  c o n s i s t s  of two s t i f f  arms 
w i t h  w e i g h t s  on  t h e  ends,  conn-c t ed  
a t  r i g h t  angles to each other t y  a 
rugged t o r s i o n  p i v o t  of h igh  
s t i f f n e s s .  The i n e r t i a  of t h e  t w o  
arms and t h e  s t i f f  s p r i n g  of t h t  
p i v o t  combine to  produce  a torsional 
mechanical r e sonance  a t  35 Hz. I n  
o p e r a t i o n ,  t h e  s e n s i n g  s t r u c t u r e  is 
r e s o n a n t  f r equency  (17.5 rps or 
1050 rpm) . 
mass anomaly M a t  a dis tance R c a u s e s  a cross-component 
q r a v i t , .  g r a d i e n t  of 
/*\ 
r o t a t e d  a t  one-ha l f  t h e  v i b r a t i o n a l  MASCON 
As t h e  r o t a t i n g  g r a v i t y  g r a d i o m e t e r  orbi ts  o v e r  t h e  Moon, a 
r,, =- G'M/R3. 
The a c t i o n  of t h e  g r a v i t y  g r a d i e n t  f i e l d  o n  t h e  end masses m 
s e p a r a t e d  by t h e  arm l e n g t h  1 produces  a d i f f e r e n t i a l  t o r q u e  
between t h e  two arms of t h e  s e n s o r  g i v e n  by  
T, -- T: 3GMml' 
- 7 JR sin 2(wt + 4). - -  - -  
Note t h a t  t h e  d i f f e r e n t i a l  g r a v i t y  torques are modula ted  a t  twice 
t h e  r o t a t i o n  f r equency ,  and t h u s  d r i v e  t h e  s t r u c t u r e  at its 
resonance .  The  m e c h a n i c a l l y  amplified o s c i l l a t i o n s  are t h e n  
e a s i l y  c o n v e r t e d  i n t o  e l e c t r i c a l  s i g n a l s  w i t h  h i g h - s e n s i t i v i t y  
piezoelectric s t r a i n  t r a n s d u c e r s .  Each s e n s o r  measurement 
p r o v i d e s  two pieces of data.  The a m p l i t u d e  is proportional to the  
s t r e n g t h  of s h e  g r a v i t y  g r a d i e n t  s i g n a l ,  and 
( b i ) d i r e c t i o n  t o  t h e  mascon. 
S e n s i t i v i t y .  The  a b i l i t y  of t h i s  
t y p e  of i n s t r u m e n t  to detect small g r a v i t y  
g r a d i e n t  d i f f e r e n c e s  i n  a s h o r t  
measurement i n t e r v a l  was demons t r a t ed  o v e r  
a decade  ago by B e l l  e t  a l .  151. F i g u r e  2 
shows t h e  ac tua l  and p r e d i c t e d  data  
o u t p u t s  of a r o t a t i n g  g r a v i t y  q rad iometo r  
i n  a test s e t u p  t h a t  s i m u l a t e d  a 
s p a c e c r a f t  o r b i t i n g  ove r  a p a i r  of l una r  
mascons. T h e  s i m u l a t i o n  u s e d  r e a l  g r a v i t y  
f i e l d s  from small masses :-oved pas t  t h e  
s e n s o r  a t  t h e  a p p r o p r i a t e  o rb i t a l  a n g u l a r  
ra te .  T h e  i n s t r u m e n t  s e n s i t i v i t y , w a s  
a b o u t  1 E (1 E=1 E o t v ~ s = l O - ~  sec -1 m G a l  
s e n s i t i v i t y  a t  10 k m ) .  Recent  advances  i n  
mechanica l  v i b r a t i o n  detect i o n  t e c h n i q u e s  
by Forward 161 now p r a n i s e  a n  order of 
magni tude  improvement i n  s e n s i t i v i t y ,  or 
a n  e q u i v a l e n t  r e d u c t i o n  i n  size and 
we i g  h t  . 
t h e  p h a s e  g i v e s  t h e  
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R e s o l u t i o n .  The g r a v i t y  g r a d i o m e t e r  is s e n s i t i v e  to t h e  
d e r i v a t i v e s  of t h e  g r a v i t y  vector. For example, t h e  v e r t i c a l  
g r a d i e n t  o f  t h e  v e r t i c a l  g r a v i t y  o f  a p o i n t  mass M a t  a diatance 
R is g i v e n  by: 
r,, = 2GM/R3. 
Because t h i s  is a component of a t e n s o r  i n s t e a d  o f  a vector, t h e  
change  i n  t h e  a m p l i t u d e  of t h i s  component of t h e  g r a v i t y  g r a d i e n t  
t e n s o r  w i t h  h o r i z o n t a l  s e p a r a t i o n  x 
by: 
T h i s  v a r i a t i o n  of g r a v i t y  g r a d i e n t  
w i t h  h o r i z o n t a l  distance x is 
d i f f e r e n t  f ran  t h e  v a r i a t i o n  of t h e  
g r a v i t y  vector w i  4 h o r i z o n t a l  
d i s  tame, which g i v e n  by 
These two  e q u a t i o n s  are  i l l u s t r a t e d  
g r a p h i c a l l y  i n  F i g u r e  3 ,  which shows 
t h a t  t h e  r e s o l u t i o n  of a v e r t i c a l  
g r a v i t y  g r a d i e n t  measuring t e c h n i q u e  
is s i g n i f i c a n t l y  b e t t e r  t h a n  t h e  
Doppler v e l o c i t y  method f o r  a g i v e n  
a l t i t u d e .  
f r a n  t h e  p o i n t  mass is g i v e n  
S p a c e c r a f t  Operation Despite some p r e v i o u s  misconcep t ions ,  
g r a v i t y  g r a d i o m e t e r s  c a n  &e placed anywhere on a s p a c e c r a f t ,  w i l l  
o p e r a t e  s a t i s f a c t o r i l y  a t  most s p a c e c r a f t  a t t i t u d e  ra tes  p r e s e n t l y  
p l anned ,  and w i l l  have o n l y  m i n o r  s p a c e c r a f t  i n t e r f a c e  problems. 
Data  t aken  f r a a  a s t u d y  w e  d i d  f o r  JPL to d e f i n e  a g r a v i t y  
g r a d i o m e t e r  sys tem for t h e  Lunar Polar Orbi te r  131 is shown i n  t h e  
f o l l o w i n g  table. 
Weight :  
Vo lume:  
Pow r : 
'?hemal : 
LPO Rota t i nq G r av i t y G r a dime te r  P a  tame te r s 
RGG: 16 kq each 
E l e c t r o n i c s :  3 k q  e a c h  
RCG: 39 c m  long b y  2 2  cm d i a  = 11,400 cc 
E l e c t r o n i c s :  37 by 15 by  8 cm = 4 4 4 0  cc 
18 W p l u s  2 to 10 W of  h e a t e r  power 
W i l l  o p e r a t e  w i t h i n  s p e c i f i c a t i o n  0 C to 5 5  C. 
W i l l  s u r v i v e  w i t h o u t  d e g r a d a t i o n  -20 C to 'IS C. 
OR.Lfl, . . , . . 0 F POOR QUHLII  I" 
Mapping of t h e  Moon 
Our p r e s e n t  knowledge of t h e  g r a v i t y  of t h e  Moon c o n s i s t s  o f  
s i q n i f i c a n t  amounts of Doppler t r a c k i n g  data  frun several  
l u n a r - o r b i t i n g  s p a c e c r a f t ,  o n e  sho r t  s u r f a c e  g r a v i t y  t r a v e r s e ,  and 
some i n d i r e c t  data  f r a n  l u n a r  l aser  r ang ing  expe r imen t s .  The  best 
comple t e  n a p  o f  t h e  l u n a r  g r a v i t y  f i e l d  is t h a t  o f  s i x t e e n t h  
degree and order derived by B i l l s  and Perrari  [71 u s i n g  a 
combina t ion  of  Apollo t r a c k i n g  data,  a h i g h  r e s o l u t i o n  s u r f a c e  
mass model, and low-degree harmonic c o n s t r a i n t s .  T h i s  m o d e l  
p roduces  good agreement  w i t h  known s u r f a c e  f e a t u r e s  and t h o s e  
areas of h igh  r e s o l u t i o n  data  o b t a i n e d  by  S j o g r e n  [81, b u t  s u f f e r s  
f ran  l o w  r e s o l u t i o n .  T h e  basic problem i n  o b t a i n i n g  a qlobal 
g r a v i t y  map of h i g h e r  r e s o l u t i o n  is t h e  l a c k  o f  good g r a v i t y  data 
f r a n  t h e  l u n a r  f a r  s ide b e c a u s e  t h e  p r e s e n t  Doppler t r a c k i n g  
t e c h n i q u e s  a r e  l i m i t e d  to line of s i g h t  f r a n  ear th .  
I n  p l a n n i n g  f u t u r e  orbi ta l  s u r v e y s  of t h e  Moon, w e  s h o u l d  
c o n s i d e r  measur ing  t h e  g r a v i t y  f i e l d  w i t h  g r a v i t y  gradiometers on  
boa rd  t h e  spacecraft. The g r a v i t y  data f r a n  t h e  i n s t r u m e n t  would 
be stored as i t  was gatherocl and dumped down p e r i o d i c a l l y  w i t h  t h e  
rest of t h e  s c i e n c e  data.  T h e  s u p e r i o r  r e s o l u t i o n  of t h e  
g r a d i o m e t e r  t e c h n i q u e  is demons t r a t ed  i n  F i g u r e  4 ,  t a k e n  f r a a  
Forward [ 9 ,  IO], sshere sane v e r y  l o w  a l t i t u d e  Apollo 1 6  data fran 
S j o g r e n ,  e t  31. (81  was used  to  create a s u b s u r f a c e  mass model 
t h a t  could q e n e r a t e  s i m u l a t e d  maps o f  t h e  responses of any g r a v i t y  
measur ing  t echn ique .  The top p lo t  i n  F i q u r e  4 is a c o n t o u r  map of 
t h e  g r a v i t y  f i e l d  d e r i v e d  f ran t h e  Doppler data, w h i l e  t h e  bottom 
p lo t  is a c o n t o u r  map of t h e  v e r t i c a l  g r a d i e n t  of t h e  v e r t i c a l  
g r a v i t y .  As c a n  be s e e n ,  t h e  g r a v i t y  g r a d i e n t  c o n t o u r s  c a n  be 
r ead  j u s t  as e a s i l y  a s  t h e  g r a v i t y  c o n t o u r s ,  and t h e y  o b v i o u s l y  
have more de ta i l ed  s t r u c t u r e .  T h i s  is best s e e n  in t h e  r e g i o n  on 
t h e  r i g h t  c e n t e r  of t h e  plots, where t h e  g r a v i t y  g r a d i e n t  
t e c h n i q u e  r e s o l v e s  t h e  c l o s e l y  spaced c o l l e c t i o n  of g r a v i t y  
anomal i e s  be t te r  t h a n  t h e  g r a v i t y  d e r i v e d  f r a n  Doppler t r a c k i n g  
data. By u s i n g  a g r a v i t y  gradiometer w e  w i l l  o b t a i n  s u c h  h i g h  
r e s o l u t i o n  maps ove r  t h e  whole moon, n o t  j u s t  i n  a narrow be l t  o n  
t h e  n e a r s i d e .  
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VERTICAL GRADIENT OF VERTICAL GRAVITY, E 
G r a v i t y  Mappinq o f  Astero4.d and Coqetrs 
Because t h e  gradiorne-er w o r k s  as w e l l  w i t h  small bodies as  
l a r g e  ones ,  i t  is t h e  p r e f e r r e d  t e c h n i q u e  f o r  g r a v i t a t i o n a l  
To o b t a i n  a mass d i s t r i b u t i o n  
map of a small body, it would be 
d e s i r a b l e  to  p u t  t h e  spacecraft i n  
a close orbi t  a b o u t  t h e  body. The 
t y p e  of data t h a t  c a n  be o b t a i n e d  
t h i s  way was modeled by Forward 
[ll) , who compared data f r an  b o t h  
Doppler ' t r a c k i n g  sys t ems  and 
g r a v i t y  g r a d i o m e t e r s  f o r  a 
spacecraft i n  o r b i t  a b o u t  a 
s i m u l a t e d  asteroid. F i g u r e  5 shows 
t h e  mass model of  a h y p o t h e t i c a l  
asteroid t h a t  was u s e d  i n  t h e  
computer s i m u l a t i o n s .  The asteroid 
is 100 km i n  r a d i u s  and h a s  a n  
a v e r a g e  d e n s i t y  of 3 .5  g/cc .  
napp ing  of a8teroids and comets. TO EARTH 
Xa 80 lmo 1- law 
TIME pc 
The major advantaqe  
Embedded i n  t h i s  a s t e r o i d  are s p h e r i c a l  
mass anomaly regions w i t h  rad i i  of 1, 3, 
10 ,  and 30 km and a d e n s i t y  d i f f e r e n c e  
of +0 .5  g/cc .  If t h e  o r b i t i n g  v e h i c l e  
is 3 km above t h e  surface, t h e n  t h e  
o u t p u t  of  t h e  Doppler t r a c k i n g  s y s t e m  
and t h e  g r a v i t y  g r a d i o m e t e r  sys t em 
d u r i n g  t h e  p a s s a g e  Over t h e  ananalics is 
as shown i n  F i g u r e  6 .  I f  we assume t h a t  
t h e  s e n s i t i v i t y  of t h e  Doppler t r a c k i n g  
system is 1 m m / s e c  and t h e  g r a v i t y  
q r a d i m e t e r  sys tem is 1 Eotvos, t h e n  as 
c a n  be seen  i n  t h e  f i g u r e ,  t h e  t w o  
t e c h n i q u e s  a re  e q u a l l y  goad o n  t h e  large 
mass anomal ies ,  such  as t h e  30 km 
i n c l u s i o n ,  b u t  t h e  g r a d i o m e t e r  t e c h n i q u e  
p r o v i d e s  h i g h e r  s i g n a l  l e v e l  and better 
reso lu t ion  o n  t h e  
of t h e  
q r a d i o m e t e r -  t e c h n i q u e  &er t h e  Doppler 
t e c h n i q u e  is shown i n  F i g u r e  7 where w e  
have assumed a d e c r e a s e  i n  scaie of t h e  
s i m u l a t i o n  b y  a f a c t o r  of 1 0 .  Instead of 
a s p a c e c r a f t  i n  a n  o r b i t  3 km above a 
100 k a  a s t e r o i d  w i t h  1 to 30 km s i z e d  
anomalies, we have s imula ted  a S p a c e c r a f t  
i n  a n  o r b i t  300 m e t e r s  above a 10 km 
a s t e r o i d  w i t h  100 to 3000 m s i z e d  
anamal i e s .  The o r b i t a l  p e r i o d  has  n o t  
chatqed, because t h e  a s t e r o i d  d e n s i t y  is 
assumed to be t h e  same, so th,? time 
r e q u i r e d  for each measurement p o i n t  is 
the same. T h e  g r a v i t y  qrac' e n t  s i g n a l  
has  t h e  same magni tude  and lesolutioi? f o r  
t h e  10 km a s t e r o i d  as i t  d i d  f o r  t h e  
100 km a s t e r o i d ,  b u t  t h e  Doppler  v e l o c i t y  
s i g n a l  h a s  d e c r e a s e d  by a n  o r d e r  of 
magnit  rde. 
H 
smaller anomalies. 
F 1 1 0 1 1 ,  c 10 , 
INIi'ECTION AND EVALUATION OF RGG INSTRUMENTS 
At the start of this contract it was assumed that only 
the RGG sensor heads were in government storage. The two 
sensors, RGG-1S and RGG-2, were residual inventory from a 
series of Air Force and Navy contracts for the development of 
a gravity gradiometer usable in a moving vehicle on the 
surface of the earth. The RGG sensors contain all the 
critical mechanical subsystems as well as some internal signal 
pre-processing and engineering electronics. To operate these 
sensors, however, requires a relay r x k  of electronics 
containing a mini-computer , various power supplies and 
monitoring instruments, and some specialized signal processing 
circuits. It was thought that the two sets of external 
electronics had been sold or given away as surplus, leaving 
only the two RGG sensors. 
In May 1981, the two gradiometers were transferred from 
the Air Force and Navy to this contract and delivered to our 
laboratory. Cursory inspection showed that the older RGG-1s 
is missing its cables and the cover to the photodiode pickoff. 
Replacing the missing cables and cover would be a minor 
problem. The newer RGG-2 was complete with its magnetic 
shield and all of its cables. In June 1981, an estimate was 
made of what it would cost to restore one of the gradiometers, 
the iewer RGG-2, to operating condition. The estimated cost 
was ;630,000 including a subcontract of $448,000 to reproduce 
the external electronics. 
On 25 August 1981, the principal investigator was 
.:ontacted by P r o f .  E. Anderson of the University of 
Vashington, who inquired about the condition of a Prime 200 
computer on a government surplus list. Acting on this 
information a trip was made on 1 September 1981 to a local 
govern,nent surplus storage facility. In the facility were 
found the two sets of electronic equipment needed to make both 
RGG sensors operational, plus additional specialized 
mechanical and electronic units used in calibration of the 
sensors and for filling and adjusting the sensor bearings. 
Because part of the surplus equipment was Air Force 
property and plrt was Navy property administered by Sperry 
Systems Management, it took a number of months before the 
external electronics and the miscellaneous equipment could be 
transferred to this contract. The equipment was finally 
physically delivered to our laboratories an 31 January 1982. 
A list :>? all the equipment transferred to this cmtract is 
given in Appendix A. As a result of this 'find', the 
estimated cost of restoring one of the gradiometers to 
operating condition was reduced to $200,000. The time needed 
was estimated to be nine months. 
Physically, tt.e equipment is complete and looks in 
operational condition. It was not possible to operate the 
system, hodever, since the ptinched paper tapes used to load 
the program i n t o  t h e  computer were lost. One tape c o n t a i n e d  
t h e  'boot" r o u t i n e ,  one c o n t a i n e d  t h e  o p e r a t i n g  s y s t e m  f o r  t h e  
Pr ime 200 computer ,  and t h e  t h i r d  c o n t a i n e d  t h e  program needed 
t o  run  t h e  RGG s e n s o r .  The program is mos t ly  i n  F o r t r a n ,  with 
some time-critical s e c t i o n s  w r i t t e n  i n  assembly  language .  The 
'boot" and a Prime 200 c o m p a t i b l e  o p e r a t i n g  sys t em w i t h  a 
F o r t r a n  compiler can be o b t a i n e d  from many s o u r c e s ,  i n c l u d i n g  
t h e  manufac turer  of t h e  Pr ime computer  and some P r i T e  200 
u s e r s  i n s i d e  Hughes. A p r i n t o u t  o f  t h e  F o r t r a n  at- A assembly  
Ieng ' iage  program needed t o  run  tbe RGG is p r i n t e d  as 
Appendix G i n  Volume 4 o f  t h e  f i n a l  r e p o r t  of o u r  p r e v i o u s  
Navy c o n t r a c t  [ 4 ) .  T h i s  program c a n  be r e t y p e d  i n t o  a 
computer and a new paper  tape made, b u t  t h i s  amount of e f f o r t  
was n o t  w i t h i n  t h e  scope of t h i s  c o n t r a c t .  
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FEASIBILITY OF APPLYING ELECTRONIC COOLING 
I n  p r e v i o u s l y  p u b l i s h e d  e x p e r i m e n t a l  s t u d i e s  o f  
e l e c t r o n i c  c o o l i n g  o f  r e s o n a n t  g r a v i t y  g r a d i o m e t e r s  [61 ,  we 
had demons t r a t ed  t h a t  t h e  t h e r m a l  n o i s e  t h r e s h o l d  of a n  RGG 
s e n s o r  could be lowered by r e p l a c i n g  t h e  damping res is tor  i n  
t h e  f i r s t  s t a g e  e l e c t r o n i c s  by a n  a r t i f i c i a l  r e s i s t o r .  
The p r e s e n t  RGG s e n s o r  s t r u c t u r e ,  by i t s e l f ,  h a s  a n  
i n i t i a l  mechanical Q o f  about 1500. S i n c e  t h e  r e s o n a n t  
f r equency  o f  t h e  s t r u c t u r e  is 35 Hz, t h i s  r e s u l t s  i n  a l /e 
decay  t i m e  of 1 4  sec. T h i s  h i g h  Q is b rough t  down t o  a v a l u e  
of 300 by means o f  a n  e l e c t r i c a l  damping resistor of 3 Megohms 
p l a c e d  across t h e  t w o  p i e z o e l e c t r i c  p i c k o f f  t r a n s d u c e r s  
o p e r a t e d  i n  series. The r e s u l t a n t  decay  time of about  2.7 sec 
g i v e s  a r e a s o n a b l e  s e n s o r  r e s p o n s e  time to r a p i d l y  changing  
s i g n a l s .  S i n c e  t h e  a d d i t i o n  of t h e  3 Megohm r e s i s t o r  c a u s e s  a 
f a c t o r  of f i v e  decrease i n  the mechanica l  Q, t h a t  means t h a t  
t h e  3 Megohm re s i s to r  con t r ibu te s  80% of t h e  damping and 
thermal n o i s e ,  w h i l e  the  mechan ica l  l o s s e s ,  w i t h  an  e f f e c t i v e  
damping impedance of 0.6 Megohms, c o n t r i b u t e  20%. 
T o  c a r r y  o u t  t h e  e x p e r i m e n t a l  d e m o n s t r a t i o n  o f  e l e c t r o n i c  
c o o l i n g ,  w e  had to  lcwer t h e  Q o f  t h e  RGG s t r u c t u r e  to  a Q of 
7 i n  o r d e r  t o  widen t h e  s t i s o r  bandwidth t o  5 Hz. T h i s  was 
n e c e s s a r y  since t h e  s e n s o r  bandwidth had to  be l a r g e r  t h a n  t h e  
1 Hz band. .iidth of our spec t rum a n a l y z e r .  W e  had to u s e  a 
damping res i s tor  of 110 Megohms to a c h i e v e  t h i s  l e v e l  o f  
damping, and had t o  c o n s t r u c t  a 1 1 0  Megohm a r t i f i c i a l  res is tor  
to d e m o n s t r a t e  t h e  e lectronic  c o c l i n g .  Using t h i s  110 Megohm 
a r t i f i c i a l  res i s tor ,  w e  d e m o n s t . a t e d  a n  improveinent, o f  8 .3  dB 
i n  s i g n a l - t o - n o i s e  power r a t i o  o v e r  t h e  s i g n a l - t o - n o i s e  
o b t a i n e d  w i t h  t h e  s t a n d a r d  p a s s i v e  d i s s i p a t i v e  110  Megohm 
r e s i s t o r .  The  e f f e c t i v e  n o i s e  t e m p e r a t u r e  o f  t h e  
" e l e c t r o n i c a l l y  cooled" s e n s o r  i n  t h i s  expe r imen t  w a s  44  K. 
T h i s  d e c r e a s e  of e f f e c t i v e  n o i s e  t e m p e r a t u r e  is  e q u i v a l e n t  to  
=r r educ t ion  of t h e  s e n s o r  n o i s e  by a f a c t o r  of 6 . 8  i n  power or 
2 . 6  i n  ampl i tude .  T h u s  t h e  t h e r m a l  n o i s e  i n  t h e  RGG s t r u c t u r e  
used i n  t h i s  tes t  was reduced from 0.3 Eotvos  to  0 . ' 2  Eotvos 
f o r  a 1 0  sec i n t e g r a t i o n  t i m e .  S i n c e  t h e  1 1 0  Megohm 
e l e c t r i c a l  damping was much l a r g e r  t h a n  t h e  0.6  Megohms af 
mechan ica l  damping, n e a r l y  a l l  of t h e  n o i s e  s e e n  i n  b o t h  
s i g n a l - t o - n o i s e  measurements came from t h e  p a s s i v e  o r  a c t i v e  
e l e c t r i c a l  r e s i s t o r s ,  n o t  t h e  mechanical damping. 
res is tance a r e  h a r d  t o  c o n s t r u c t  w h i l e  m a i n t a i n i n g  low 
e f f e c t i v e  t e m p e r a t u r e s .  Based o n  t h i s  e x p e r i m e n t a l  d a t a  a t  
1 1 0  Megohms, w e  e x p e c t  t h a t  i f  w e  c o n s t r u c t  a n  a r t i f i c i a l  
r e s i s t o r  w i t h  a r  e f f e c t i v e  r e s i s t a n c e  of o n l y  3 Megohms, and  
use some of t h e  newer o p e r a t i o n a l  a m p l i f i e r s  such  as t h e  OP-27 
t h a t  has  t e n  times less v o l t a g e  noise than  t h e  LM-308 
o p s r z t i o n a l  a m p l i f i e r s  t h a t  we used ,  t h e n  w e  can e x p e c t  t o  
ob ta in  a 3 Megohm a r t i f i c i a l  r e s i s t o r  w i t h  a n  e f f e c t i v e  
A r t i f i c i a l  r e s i s t o r s  w i t h  such  h i g h  v a l u e s  of e q u i v a l e n t  
temperature o f  less t h a n  20 K. T h i s  a r t i f i c i a l  r e s i s t o r  w i l l  
c o n t r i b u t e  80% o f  t h e  n o i s e  or 1 6  K, w h i l e  t h e  mechan ica l  
damping of t h e  room t e m p e r a t u r e  s t r u c t u r e  w i l l  c o n t r i b u t e  20% 
o f  its 300 K n o i s e  or 60 K, p r o e u c i n g  a n  e f f e c t i v e  SenSGr 
t e m p e r a t u r e  of 76 K. T h i s  f a c t o r  o f  4 improvement i n  noise 
power or a f a c t o r  o f  2 i n  n o i s e  a m p l i t u d e  w i l l  reduce t h e  
t h e r m a l  n o i s e  c o n t r i b u t i o n  o f  t h e  e x i s t i n g  RGG-2 s e n s o r  
s t r u c t t l r e  from 0.3 E o t v a s  to 0.15 Eo tvos  for a 
i n t e g r a t i o n  t i m e .  
The c o l d  e l e c t r o n i c  c i r c u i t  t h a t  w e  would 
t h e  o n e s  used i n  t h e  e l e c t r o n i c  c o o l i n g  paper 
invo lved  u s i n g  one t r a n s d u c e r  a s  a p i c k o f f  and 
t r a n s d u c e r  f o r  feedback .  
We would n o t  want to  chznge  t h e  
p r e s e n t  w i r i n g  o f  t h e  t r a n s d u c e r s ,  
which have t h e  t r a n s d u c e r s  wired i n  
series w i t h  a 3 Megohm resistor 
across t h e  terminals. I n s t e a d ,  w e  
w i l l  use an a r t i f i y i a l  res is tor  
c i r c u i t  d e s c r i b e d  in  our r e c e n t  
10  sec 
u s e  w i l l  n o t  be 
61,  s i n c e  t h e s e  
t h e  other 
p a t e r a t  (121 t h a t  con ;ists of a n  
o p e r a t i o n a l  ampl i f  ie ', t h r e e  
r e s i s t o r s ,  and a f l o a t i n g  power 
supp ly .  (See F i g g r e  9 . )  
DC-to-DC c o n v e r t e r s  t o  make a f l o a t i n g  power s u p p l y  now e x i s t  
a s  a s i n g l e  module t h e  s i z e  o f  a t y p i c a l  i n t e g r a t e d  c i r c u i t ,  
t h u s  t h e  four c o m p m e n t s  to  m a k e  t h e  a r t i f i c i a l  r e s i s t o r  a re  
small  enough t o  be p u t  o n  t h e  p r e s e n t  c i r c u i t  b o a r d s  i n s i d e  
t h e  RGG rotor i n  place of t h e  p r e s e n t  3 Megohm r e s i s t o r .  
I n  f u t u r e  models of 
t h e  RGG, w e  would d e s i g n  
t h e  mechan ica l  s t r u c t u r e  to .p. 'I" .P, 1  1 have  l e s s  mechan ica l  
t LIm",, I , , C l " M  ,'. :; I damping t h a n  t h e  p r e s e n t  
. - .  s e n s o r s  ( a  U of 100,000)  
and halve a G i f f e r e n t  
piezoelectric transduce; 3" :,,, ar rangement .  As shown ' 8  
I., ,,,. F i g u r e  1 0 ,  t h e  electron,-. 
t T"."yl,,, * "  damping would be a p p l i e d  
t r a n s d u c e r  and a feedback  
t r a n s d u c e r .  
.., .. 
P" IauI(xTL"I .LIS .Ilrn, I',." u p"1 : p W',,P.* !".N%XK,"% I .'It 11,. '<7"4< 
, i l l  ,"l*h ,,LIS., 
I X ,  -87, . < w ,  .,, I I I  
- c *,,*.*I ,I h,i * " I C * . " * l ,  " I u u * T  
90( , *  
<11.*., ,,",",1 
m11, . * , < Y " P ,  
-7- 
ULlUL .O.U I 3 between a p i c k o f f  
I n  S e c t i o n  V o f  t h e  e lectronic  c o o l i n g  pape r  ( 6 1 ,  w e  ca l cu la t e  
t h a t  i f  we d e s i g n  a 320:l r a t i o  of f e e d h c k  c o u p l i n g  t o  
p i c k o f f  c o u p l i n g  and a 1 O O O : l  r a t i o  o f  e l ec t r i ca l  damping t o  
mechanica l  damping ( l o w e r i n g  +he Q from 100,000 t o  l o o ) ,  t h e n  
t h e  e q u i v a l e n t  t e m p z r a t u r e  f o r  t h e  combined sys tem is 
p r e d i c t e d  t o  be 3 K. T h i s  f a c t o r  o f  100 Ln n o i s e  power and 1 0  
i n  n o i s e  a m p l i t u d e  w i l l  p roduce  a XGG s e n s o r  w i t h  a t h e r m a l  
n o i s e  cont r ibu t ior  o f  0 .03  Eo tvos  f o r  a 1 0  sec i n t e g r a t i o n  
time. 
1 2  
FUTU- INSTRUMENT DEVELOPMENT PROGRAM 
To produce  a g r a d i o m e t e r  E : i i t a b l e  f o r  a l u n a r  m i s s i o n ,  w e  
p ropose  s t a r t i n g  from t h e  e x i s t i n g  hardware ,  and b u i l d  o n  t h a t  
e x p e r i e n c e  as w e  p rove  t h a t  t h e  p r e s e n t  d e s i g n  w i l l  s a + . i s f y  
t h e  m i s s i o n  r e q u i r e m e n t s  for t h e  moon. For  t h e  f i r s t  p h a s e  of 
t h e  program, w e  would reprogram t h e  computer, check  o u t  t h e  
e x t e r n a l  e l e c t r o n i c s ,  and determine t h e  c o n d i t i o n  of t h e  
e x i s t i n g  RGG-2 s e n s o r  head. T h i s  pa r t  o f  t h e  program is 
e s t i i n a t e d  to cost $200,000 and  take n i n e  months. 
A t  t h e  c o m p l e t i o n  o f  
t h i s  program w e  e x p e c t  t o  
show t h a t  t h e  s e n s o r  has  
w i t h  > u t  d e g r a d a t i o n  i n  
p e r f  .>rmance. I t  shou ld  
show a s h . > r t  t e rm n o i s e  
l e v e l  o f  1 Eotvos  or less 
when i t  is  s i t t i n g  o n  a 
q u i e t  p ier  w i t h  i ts  s p i n  
a x i s  v e r t i c a l ,  and shou18 
have a long  teim ? ! r i f t  o f  
less Lhan 5 Eotvos  pez hour  
d r i f t  u s i n g  i ts  b u i l t - i n  
per formance  o f  t h e  RGG-2 
b e f o r e  i t  went i n t o  
s t o r a g e .  
I f  t t ,e  RGG-2 does n o t  show t h i s  q u a l i t y  of performance ,  
t h e n  i t  w i l l  be r iecessary  t o  c a r r y  o u t  a d i a g n o s t i c  e f f o r t  to  
d e t e r m i n e  t h e  c a u s e .  We w i l l  t h e n  p ropose  a s h o r t  program to 
r e p a i r  t h e  p r o b l e r  and r e t u r n  t h e  i n s t r u m e n t  to i ts  o r i g i n a l  
l e v e l  o f  performance.  
We e x p e c t  t k 3 t  F I X - 2  w i l l  o p e r a t e  s a t i s f a c t o r i l y  and  w e  
w i l l  t h e n  want to p i  . .ced t o  t h e  n e x t  phase ,  t h a t  o f  p roduc ing  
a f l i g k t  p r o t o t y p e  based  on t h e  i‘ - e s e n t  d e s i g n .  T h e r e  might  
be  some conce rn ,  however, t ha , :  -LthcJugh t h e  d e s i g n  is su i t ab le  
f o r  o p e r a t i o n  on e a r t h ,  i t  would n o t  pe r fo rm as w e l l  i n  space .  
From the  d e s i g n ,  one  would e x p e c t  t h a t  f r e e - f a l l  would m p r o v e  
t h e  PerEormance, s i n c e  t h e  s e n s o r  and b e a r i n g s  would n o t  be 
s u b j e c t e d  t o  t h e  one-gee f o r c e  o f  t h e  earth’s g r a v i t y .  R u t  i f  
i t  is  d e s i r e d  to  check  o u t  t h e  i n s t r u m e n t  i n  f r e e - T a l l ,  t h e n  
t h e  e . i s t i n g  RGG-2 s e n s o r  is  p robab ly  a d e q u a t e  for  t h e s e  
t e s t a .  The RGG-2 mechanica l  p o r t i o n s  c a n  take a 5 0  g e e  Load, 
so t h e  i n s t r u m e n t  would have no t r o u b l e  s u r v i v i n g  a launch .  
The e x t e r n a l  e l e c t r o n i c s ,  however,  would have to  be rdpaokaged 
for space: a p e  r a t ion .  
I f  it  is d e s i r e d  by NASA t h a t  t h e r e  be a c h e c k o u t  i n  f r e e  
f a l l ,  t h e n  t h e  n e x t  phase  o f  t h e  program would be t o  s i m p l i f y  
t h e  e x t e r n a l  e l e c t r o r , i c s  d e s i g n  by e l i m i n i t i n j  t h e  d i a g n o s t i c  
RESPONSE TO 35 KI: hS o - O W - -  
s u r v i v e d  t h e  s t o r a g e  p e r i o d  I = 13 SECONDS 
-46 1 € 
t e m p e r a t u r e  c o n t r o l l e r .  O F F S t T  
1 F i g u r e  11 i l l u s t r a t e s  t h e  ~~ 
1 3  
f ea tu res  and niakinq t h e  sys tem autonomous i n  o p e r a t i o n .  The 
new space-qual i f i r r ?  c l e c t t o n i c s  and t h e  e x i s t i n g  s e n s o r  can 
t h e n  be checked out i n  free f a l l  i n  a v e r t i c a l  rocke t  test o r  
i n  a “ G e t - A w a t f  Spec ia l ”  c a n i s t e r  on t h e  S h u t t l e .  T h i e  p o r t i o n  
of t h e  program wouLd probably cost $ 1  m i l l i o n  and take a n o t h e r  
12 to  18 months,  dependiriq upon l aunch  a v a i l a b i l i t y .  I t  
shou ld  be recoqni;ed t h a t  w e  do n c t  recommend t h i s  phase ,  b u t  
it is one  t h a t  w o u l d  e l i m i n a t e  one  l a s t  area a€ r i s k .  We 
recommend i n s t c a d  t h a t  we proceed  d i r e c t l y  to  t h e  des ign  and 
v e r i f i c s t  ion  o f  a f l  i q h t  F r o t o t y p e .  
d e s i g n  was op t imized  f o r  t h c  a i r h o r w  e a r t h  s u r v e y  
appl  icatif j l i .  The :;eii:?o:‘ is liecivy and uses lo t s  oi power. For 
t h e  n e x t  phase  w e  rttcr)mmend t h a t  t h e  e n t i r e  p re sen t  des ign ,  
i nc lud inq  t h e  meclianic-a1 p o r t i o n s  and t h e  i n t e r n a l  
e l e c t r o n i c s ,  be rcexamincd i n  l i y h t  of t h o  p o t e n t i a l  NASA 
o r b i t a l  uses. A t ~ r l ~ s i q n  s h o u l d  reduce  t h e  w e i s h t ,  s i ~ e  and 
power by s i q n i t i c a n t  f a c t o r s ,  w h i l e  m a i n t a i n i n g  t h e  p re sen t  
d e s i g n  feat c r e s  ami possibly Cven improving t h e  th r*sho ld  
s e n s i t i v i t y .  I n  o r d c r  to v c r i f y  t h e  r e d c s i q n ,  w e  w o u l d  want 
to  follow the proceciure~: that a r e  used t o  v e r i f y  t h e  d e s i g n  Of 
any new i n e r t i a l  instrument. We must b u i l d  t h r e e  to  f i v e  
models of the f l i g h t  p r o t o t y p e  d e s i y : ~  and t h e n  compare t h e i r  
performance.  Onc model. i s  n o t  cnauqh. I f  a s ing:e  model of 
a n  instrument.  work:;, w r  do not. know whether  t h e  r e d e s i g n  was 
good and w e t - y  t ; r n ~  WP 1)ui L t l  o n c  w e  w i l l  g e t  s imi la r  
performance,  or whcther w e  were lucky  w i t h  t.hat one and none 
af t h e  f l i a h t  madtxls b u i l t  u s inq  the saiiic p r i n t s  w i l l  w o r k .  
I €  t h e  s i n q l e  modt-L 1 3 ~ ~ 3 s  m>t. work, w e  w i l l  n o t  know whether  i t  
was 3 f l a w  In the d e s i q n  or .in u n f o r t u n a t e  mistake i n  t h e  
f a b r  icst ioi , .  
With thrc-c- . :qht prototypt-s ,  WP c a n  r u n  d e t a i l e d  
comparison tes ts  o f  t . h t b l r  t - c l n t i v e  per formances  under v a r i o u s  
envi ronments  of n o i s e ,  m a q r , c t i s m ,  and a, ct : lercr t ion,  and can  
p u t  r e a l  l i m i t s  on t . he i r  s e n s i t i v i t y .  We c a n  also be runn ing  
1 i fe and env irc>nmcrit.aL t-ests o n  one  o r  t w o  model3 w h i l e  t h e  
o t h e r  i q  undt~rqc’ring any modi fic-at ions t h a t  are telt su i t ab le .  
This phase  i s  cxptlctetl t o  t i l k p  t .wo years and cost $2-3 m i l l i o n  
d o l l a r s .  A t  thc cntf of i t . ,  w c  w o u l d  have a f i t m  d e s i g n  for a 
f l i g h t  modcl t h a t  c o u l d  bc p~oposed for some s p e c i f i c  m i s s i o n .  
The next. phast’ W O U ? ~ ~  dcpcnd upor. t h e  mis s ion .  For a 
l u n a r  orb i t . : r  m i s s i o n ,  a qcwd q r a v i t y  fitap c o u l d  be obtained 
w i t h  one  RCG ot i c n t c d  i i i  t h e  prcper d i r e c t i o n .  The da ta  from 
one sensc>r n , i q h t  t w  h a r d  tc a n a l y z e ,  hDwever, so most people 
have rccomrnt\nclrrl s t  1ccr:it t w o  RGG %ensot s for t h e  l u n a r  
mappinq mis s ion .  Onc s c n s k 3 r  wm1d he o r i e n t e d  to  measure :.he 
g r n v i t ; -  q r s t l i t % n t s  , \ l o n q  t h e  o r h i  t a l  t r a c k ,  and a n o t h e r  to  
moasiirc tht. q r a v i t y  q t s d i p n t  !G a c r o s s - t r a c k .  The across- t rack 
d a t a  w i l l  t ie t l i c  cl,?t,? f r o m  tlii f f e r e n t  o r b i t s  t o g e t h e r ,  
improvinq t h t >  ~ ~ ~ u r a c y  oi thcx d a t a  r c i l ~ ~ t  icm. The idea l  
s e n s o r  s y s  t c m  w o : i  1 t 1  hc t h r t v  RGG c lcnsor  s i n  a n  n r  t h o g o n a l  
The presc.n’i clcsiqn f o r  the RGG is s i x  y e a r s  o ld ,  and t h e  
--- 
array. These would measure the total gravity gradient tensor 
and allow the separate determination of spacecraft angular 
rates. This would give not only a complete gravity map for 
geophysical use, but also an extremely accurate reconstruction 
of the spacecraft orbit, which will help in the reduction of 
the data from all the other sensors onboard the spacecraft. 
The cost of flight models and spares will depend greatly on 
the mission, the spacecraft constraints, and the design that 
was produced in the flight prototype phase. From 
extrapolations of previous experience, it is expected that the 
flight instrument sensor heads will cost $500,000 each plus 
$2-3 million for the electronics and system integration, with 
three instruments being a l z e s t  as easy to integrate as one. 
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APPENDIX A 
LIST OF EQUIPMENT 
The following items of hardware were assigned to this 
contract : 
ID Number Quant. Iden ti f ica t ion 
G-123 5 53 
G-123 5 54 
G- 12 3 504 
G-12 3 50 2 
G-123 50 3 
G-123505 
G-123506 
G-12 3 509 
G-12 3 515 
G-12 3 5 16 
G-123518 
G- 12 3 5 19 
G-12 3 5 21 
G-123524 
G-12 3 54 2 
G-12 3 5 37 
G-12 3 5 17 
G-12 3 5 38 
G-12 3 54 0 
G-123541 
G-12 3 545 
G-123546 
G- 12 3 54 7 
G-12 3 5 4 8 
G-123553 
G-12 3 544 
(2-12 3 551 
G-12 3 5 52 
(2-123543 
G-12 3 54 9 
G-12 3 57 0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
Rotating Gravity Gradiometer RGG-2, ERL 
Rotating Gravity Gradiometer RGG-lS, HRL 
Corn1 ter, Prime 200, with four boards 
Type Model SN Slot 
Memory (large) 1216-B85 684 17 
CPU 2223-360 1755 15 
GP Interface 7010 106 13 
TTY 1/0 3001 936 11 
Power Supply, EP 6438B 
Power Amplifier, Crown DC300A 
Oscilloscope, Tektronix SG502 
Instrument Main Frame, Tektronix RTM-506 
Digital Multimeter, Tektronix DM501 
AC Line Conditioner, Elgar 6000B 
Relay Rack, Emcor IE-203 
Computer 1/0 Buffer, HRL 
Speed Controller, HRL 
Signal Conditioner, HRL 
Temperature Controller, XRL 
Power Supply, HRL 
Computer, Prime 200, with five boards 
Type Model SN .<lot 
Memory (small) 271 270 10 
Memory (small) 271 055 9 
CPU 2222-250 1055 8 
GP Interface 7000 294 6 
TTY 1/0 3003 203 4 
Temperature ContLoller, HRL 
Power Panel Prime 240 
Punch Tape Reader, Remex 107SBCI/660 
Power Supply, HRL 
Motor Power Unit, HRL 
Signal Conditioner, HRL 
ELF Power Supply, HRL 
Computer Buffer I/O, XRL 
Accelerometer Switch Panel, HRL 
Motor Drive, HRL 
Vibration Control Panel, HRL 
Computer Power Scpply, AmPower PC-3 
Heater Power Supply, HRL 
Signal Conditioner, HRL 
Bearing F i l l  Fixture, Tri Precision 
G-119195 
G-119200 
G-119 190 
G-119156 
G-119191 
G-12 35 39 
G-123569 
X2909-99 
X2909-98 
X2909-97 
740587 
740586 
740549 
740593 
2 
1 
12 
1 
1 
1 
1 
Micrometer, Mitutoya 519-124 
Micrometer, Mitutoya 519-124 
Vacuum Pump, Welch 1400B-01 
Proximeter, Bently Nevada SN 71759 
Proximeter, Bently Nevada SN 88683 
Teletypewriter, Teletype 3320-5JE 
Diffeiential Accelerometer Bar containing 
Acceleromcter, Bell VIIB SN469H6 
Accelerometer, Bell VIIB SN408E6 
Alignment Dowel 
Holder 
Alignment Pin 
Sensor Mounting Adapter 
Sensor Mounting Plate 
Differential Accelerometer Mounting Bracket 
Dynamic Balance 
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